The influenza A virus hemagglutinin (HA) has three conserved oligosaccharides located in the stem region at asparagine residues 12, 28, and 478. The biological role of these oligosaccharides has been investigated by mutational analysis of HA of fowl plague virus that was expressed from a simian virus 40 vector in the presence of ammonium chloride for protection from acid denaturation in the trans-Golgi network. Resistance to endoglycosidase H and cleavage of HA into the subunits HA 1 and HA 2 have been analyzed as markers for intracellular transport. Cell surface exposure has been determined by hemadsorption following neuraminidase treatment, by immunofluorescence staining, and by fluorescence-activated cell sorter analysis. When all three stem oligosaccharides were removed, transport was almost completely blocked. When two of the three stem oligosaccharides, particularly those at asparagine residues 12 and 28, were missing, HA was transported to the surface but showed extremely low fusion activity. With mutants lacking one stem oligosaccharide, fusion was reduced to a lesser extent. Removal of stem oligosaccharides resulted also in an increase in the pH optimum required for fusion. On the other hand, no reduction in fusion activity was observed when oligosaccharides in the head region of the HA spike were removed. These results indicate that the conserved oligosaccharides in the stem stabilize HA in the form susceptible to the conformational change necessary for fusion.
The hemagglutinin glycoprotein (HA) of influenza A virus plays an essential role in virus entry. After binding of HA to the cellular receptor, the virus is internalized through receptormediated endocytosis. HA then induces fusion of the viral envelope with the endosomal membrane, thus allowing delivery of the nucleocapsid into the cytoplasm. To show fusion activity, HA has to undergo a biphasic activation process. The first step involves cleavage by host proteases that are present in the trans-Golgi network (TGN), at the cell surface, or presumably in endosomes (for a review, see reference 14) . Proteolytic cleavage renders HA in a metastable form susceptible to a conformational change that is triggered by the low pH in the endosome. This second step in the activation process results in the exposure of a hydrophobic domain on the HA 2 fragment of HA that presumably interacts with the lipid bilayer of the target membrane (1) .
HA is an N-glycosylated glycoprotein. A detailed carbohydrate analysis has been carried out on HA of fowl plague virus (FPV), which has complex N glycans at Asn residues 12, 123, 149, 231, and 478, an oligomannosidic side chain at position 406, and a mixture of both types at Asn-28. Evidence has also been obtained that the oligomannosidic side chain is located at a site that is hidden to the processing enzymes, whereas the complex side chains are exposed at the outer surface of the spike (13) . The oligosaccharide side chains show large variations in structure and number among the different influenza A viruses. However, the glycosylation sites at Asn-12 and -478 (H7 numbering) are strictly conserved, and the glycosylation site at Asn-28 is also present in most strains analyzed. The high conservation of these three sites, which are located in the stem region of the HA spike, suggests that they play an important structural or functional role. In a previous study, the stem glycosylation sites were deleted from HA of FPV by site-specific mutagenesis, and the intracellular transport of the deletion mutants was studied with a vaccinia virus expression system (21) . This study revealed that loss of all three oligosaccharides in the stem region resulted in temperature sensitivity and a complete transport block at the nonpermissive temperature, whereas loss of two oligosaccharides reduced the transport rate of HA. However, the influence of removal of these oligosaccharides on the biological activities of HA, i.e., on hemagglutination and membrane fusion, was not amenable to experimental analysis in this system for three different reasons. First, vaccinia virus has hemagglutination and fusion properties that interfere with the biological activities of influenza virus HA. Second, it was found recently that FPV HA has to be expressed in the presence of acidotropic agents, such as ammonium chloride or chloroquine, or requires coexpression with the M2 protein to show fusion activity, because FPV HA is acid labile and denatured in the acidic milieu of the transport pathway (19, 25) . Third, the receptor binding site of HA is fully accessible only when neuraminic acid residues from the adjacent oligosaccharides have been removed. The hemagglutinating activity of vector-expressed FPV HA therefore requires neuraminidase treatment (20) .
To study the role of the stem oligosaccharides under conditions in which FPV HA is able to show full biological activity, we now analyzed glycosylation mutants and the wild type in a simian virus 40 (SV40) expression system, using ammonium chloride to preserve the neutral-pH form of HA and using neuraminidase treatment to expose the receptor binding site. Under these conditions, HA mutants lacking one or two stem oligosaccharides are transported to the cell surface, where they show normal hemadsorption but reduced fusion activity. Furthermore, fusion of these mutants occurs at an elevated pH. The data indicate that the oligosaccharides in the stem region preserve the metastable form of HA required for fusion activity.
MATERIALS AND METHODS
Expression of wild-type and mutant HAs. The cDNAs encoding wild-type and mutant HAs of influenza virus A/FPV/Rostock/34 (H7N1) were subcloned by using the BamHI site of the SV40 expression vector pA11SVL3. HA-SV40 recombinant virus stocks were prepared after transfection of the vector DNA together with helper virus DNA SVdl1055 in CV-1 cells as described previously (18) . CV-1 cells were cultivated in Dulbecco's minimal essential medium (DMEM) supplemented with 5% fetal calf serum (FCS). HA mutants lacking oligosaccharides in the stem region are designated cg1, cg2, cg3, cg1,2, cg1,3, and cg1,2,3. These mutants were originally made as vaccinia virus recombinants (21) and subsequently inserted into the SV40 expression vector. HA mutants lacking oligosaccharides in the head region are designated GG1, GG2, and GG1,2 (20) (Fig. 1) .
PAGE of HA. Two days after infection with recombinant virus, HA-expressing CV-1 cells were labeled with [ 35 S]methionine (100 Ci/ml) for 1 to 2 h, chased for 1 h, and then solubilized in radioimmunoprecipitation buffer. HA protein was precipitated with anti-FPV rabbit serum and protein A-Sepharose CL-4B (Sigma, St. Louis, Mo.) and analyzed by polyacrylamide gel electrophoresis (PAGE) on a 10% gel.
Digestion with endo H and N-glycosidase F. HA-expressing cells were labeled with [
35 S]methionine as described above. HA was recovered by immunoprecipitation and denatured at 95ЊC for 3 min in 50 mM phosphate buffer (pH 7.0) containing 0.1% sodium dodecyl sulfate (SDS) and 0.5% ␤-mercaptoethanol. After excess SDS was blocked with Triton X-100 (final concentration, 1%), HA was digested with endoglycosidase H (endo H) and N-glycosidase F (Boehringer Mannheim) at a concentration of 0.1 mU/ml for 18 h at 37ЊC and then analyzed by PAGE.
Immunofluorescent staining of HA-expressing cells. CV-1 cells on coverslips in 24-well plates were infected with HA-SV40 recombinant viruses and were fixed with 2% paraformaldehyde at 2 days postinfection (p.i.). The fixed cells were stained without permeabilization by indirect methods with anti-FPV hyperimmune rabbit serum, anti-rabbit immunoglobulin G biotinylated donkey serum, and streptavidin-fluorescein (Amersham Co.).
Hemadsorption assay. HA-expressing cells were washed once with DMEM and incubated with 2 ml of DMEM containing 50 l of a Vibrio cholerae neuraminidase (VCNA) solution (Behringwerke AG) at 37ЊC for 1 h as described previously (20) . The VCNA-treated cells were washed with DMEM three times, and then hemadsorption assays were done with freshly prepared guinea pig erythrocyte suspensions (1% in phosphate-buffered saline) at 4ЊC for 30 min. After being washed twice with phosphate-buffered saline including magnesium and calcium ions (PBS), hemadsorption-positive cells were counted under an inverted microscope at a magnification of ϫ100. Hemadsorption-positive cells were counted in 12.1-mm 2 fields. In each experiment an average of 10 fields was counted.
Cell fusion assay. HA-expressing cells were incubated at 37ЊC for 5 min in RPMI 1640 medium adjusted to pH 5.0 and then incubated for further 3 h at 37ЊC in fresh DMEM containing 5% FCS. Cells were fixed with ethanol and stained with 10-fold diluted Giemsa solution. Nuclei in fused giant cells (syncytia) were counted under an inverted microscope at a magnification of ϫ100. Nuclei in syncytia were counted in 12.1-mm 2 fields.
Flow-cytometric analysis of immunostained HA-expressing cells.
For detection of cell surface HA, 5 ϫ 10 5 cells expressing HA were detached from culture dishes by EDTA and trypsin treatment, washed with medium containing FCS, and then fixed with 2% paraformaldehyde at 4ЊC for 1 h with gentle stirring. The fixed cells were stained with a mouse monoclonal antibody (2 A11 H7) recognizing the neutral-and low-pH forms of FPV HA followed by fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin. After suspension in 1 ml of PBS, they were subjected to fluorescence-activated cell sorter (FACS) (Becton Dickinson) analysis. Data were evaluated with Becton Dickinson FACScan research software, version 2.1.
RESULTS
Glycosylation mutants containing at least one stem oligosaccharide are transported to the cell surface. Biosynthesis of HA involves passage through the exocytotic transport route. To compare the transport efficiency of the glycosylation mutants shown in Fig. 1 with that of wild-type HA, we have analyzed acquisition of endo H sensitivity and proteolytic cleavage into the subunits HA 1 and HA 2 by furin as markers for the passage through the Golgi apparatus and the TGN, respectively (26) . CV-1 cells infected with the HA-SV40 recombinants were pulse-chase labeled with [ 35 S]methionine. To stabilize the acid-labile FPV HA during transport, we used medium containing 10 mM ammonium chloride. HA was immunoprecipitated and analyzed by SDS-PAGE before and after digestion with endo H and N-glycosidase F as described in Materials and Methods. The results are shown in Fig. 2 . Mutant cg1,2,3, in which all oligosaccharides in the stem region were removed, remained mostly uncleaved and was sensitive to endo H digestion. Thus, there is a block in transport of cg1,2,3 between the endoplasmic reticulum (ER) and the Golgi apparatus, as has also been observed when this mutant was expressed from a vaccinia virus vector (21) . The other mutants, however, were cleaved by furin and became resistant to endo H digestion. As indicated by the proportions of cleaved and endo H-resistant HAs relative to total HA, the processing efficiencies were similar with the wild type and mutants lacking one stem oligosaccharide, whereas processing efficiency was somewhat lower with the mutants lacking two stem oligosaccharides. Incorporation of HA into the plasma membrane was analyzed by hemadsorption (see below) and cell surface immunofluorescence. The results of these experiments that are also summarized in Fig. 2 show that HA is transported to the cell surface if at least one of the stem oligosaccharides is retained. . Stem mutants cg1, cg2, and cg3 lack glycosylation sites at Asn-12, -22, and -478, respectively. Stem mutants cg1,2 and cg1,3 lack glycosylation sites at Asn-12 and -22 and at Asn-12 and -478, respectively. Stem mutant cg1,2,3 lacks glycosylation sites at Asn-12, -22, and -478. Head mutants GG1 and GG2 lack glycosylation sites at Asn-123 and -149, respectively. Head mutant GG1,2 lacks both of the glycosylation sites at Asn-123 and -149. Asn-406 contains an oligomannosidic side chain, and Asn-28 contains partly an oligomannosidic and partly a complex side chain. All other oligosaccharides are of the complex type (13) . F, oligosaccharide; E, eliminated oligosaccharide.
Finally, CV-1 cells expressing HA have been analyzed by flow cytometry using an HA-specific monoclonal antibody. This assay has been performed on each mutant three to five times. The results of a typical series of experiments shown in Fig. 3 indicate that the amounts of HA accumulating at the cell surface were similar. These results indicate that, except for cg1,2,3, all mutants were transport competent and exposed at the cell surface in amounts similar to that for the wild type. They were therefore amenable to comparative analysis of their biological activities.
Stem oligosaccharides, unlike head oligosaccharides, have no effect on receptor binding activity. To examine receptor binding activities of stem (cg) mutants and head (GG) mutants, cell cultures were infected in duplicate with various concentrations of SV40 recombinants and incubated in the presence of 10 mM ammonium chloride. HA exposed at the cell surface was analyzed by immunofluorescent staining at 50 h p.i. Before addition of erythrocytes, HA-expressing cells were treated with VCNA. Immunostaining was done with nonpermeabilized cells. Hemadsorption-positive cells and HA antigen-positive cells were counted under a microscope. The number of antigen-positive cells depended on the amount of input virus, and with the number of these cells increasing there was a concomitant increase in the amount of hemadsorbing cells. The increases with stem mutants and wild-type HA were similar (Fig. 4a) . Thus, the stem mutants have receptor binding activities similar to that for wild-type HA. On the other hand, head mutants GG2 and GG1,2 showed higher receptor binding activities than the wild type and GG1 (Fig. 4b) . This result indicates that the deletion of oligosaccharides in the stem region had no influence on the receptor binding activity of HA, whereas deletion of oligosaccharides in the head region caused a significant increase in the receptor binding activity. We have reported elsewhere that neuraminic acid attached to these oligosaccharides interferes with receptor binding (20) , and it is interesting to see that the deletion of the entire oligosaccharides results in further enhancement of the receptor binding activity (unpublished data).
Stem oligosaccharides, unlike head oligosaccharides, are important for fusion activity. Fusion activities of glycosylation mutants were also examined in cells infected with various concentrations of recombinant virus and incubated in the presence of 10 mM ammonium chloride. At 50 h p.i., cell fusion was induced by treatment of HA-expressing cells with fusion buffer at pH 5.0 as described in Materials and Methods. Nuclei in syncytia were counted under the microscope at 3 h after fusion induction. Hemadsorption tests were done in parallel cultures that were exposed to VCNA treatment but not to fusion induction. Hemadsorbing cells were usually covered with more than 20 erythrocytes and could easily be distinguished from nonhemadsorbing cells, which had no or only a few isolated erythrocytes attached. This clear discrimination between hemadsorbing and nonhemadsorbing cells suggests that hemadsorption is detected only when HA expression exceeds a certain threshold value. The number of nuclei in syncytia was plotted against the number of hemadsorption-positive cells. While the head mutants showed practically the same fusion activity as wildtype HA (Fig. 5b ), all stem mutants had reduced fusion activity (Fig. 5a ). Some increases (less than 50%) in fusion activities of cg1,2 and cg1,3 were observed, when cells were incubated with trypsin prior to the pH shift to fully cleave HA. There were considerable variations in the extent of fusion reduction depending on both the number and the positions of the deleted oligosaccharides. Deletion of the oligosaccharide at Asn-12 (cg1), which has the middle position among the three stem oligosaccharides, has the lowest effect. The effect is higher with mutant cg3, lacking the bottom oligosaccharide at Asn-478, and still higher with cg2, lacking the uppermost oligosaccharide at Asn-28. Mutants cg1,2 and cg1,3 lacking two oligosaccharides had lower fusion activities than mutants lacking one oligosaccharide, and the results obtained with cg1,2, which had the lowest activity, again indicate the importance of the oligosaccharide at Asn-28. It should be pointed out that the specific fusion activity of cg3 is higher than that of cg2, whereas the expression level as indicated by the FACS analysis experiment (Fig. 3 ) was somewhat higher with cg2 than with cg3. Also, the specific fusion activity of cg1,3 is higher than that of cg1,2, whereas the relationship was inverse in the FACS analysis. These observations indicate that the slight differences in expression levels in Fig. 3 have no significant effect on the specific fusion activities. It also has to be mentioned that the highest virus concentrations of cg1,2 yielded only 70 hemadsorbing cells, whereas 150 hemadsorbing cells were obtained with wildtype virus. This reflects the reduced transport efficiency of cg1,2 mentioned above, which could not be overcome because higher amounts of input virus induced strong cytopathogenic effects interfering with syncytium formation. The specific fusion activities as shown in Fig. 5a indicate therefore that the oligosaccharides in the stem region are necessary for the fusion activity and that a hierarchy exists among these oligosaccharides with respect to their relative importance for fusion.
Stem mutants fuse at an elevated pH. Mutations resulting in an altered pH stability of HA are preferentially located in the stem region (27) . It was therefore of interest to see if deletion of the stem oligosaccharides has an effect on the pH required for fusion. Cells presenting HA at their surface were exposed to various pH values to induce fusion. The pH optima for fusion were 5.0 for the wild type, cg1, and cg3; 5.3 for cg2 and cg1,3; and 5.4 with cg1,2 (Fig. 6) . These results indicate that the pH optimum of FPV HA depends on the stem oligosaccharides and that the highest contribution to the stability of HA in the high-pH form comes from the oligosaccharide at Asn-28.
DISCUSSION
There is considerable variation in both the number and location of potential glycosylation sites among the 14 different HA subtypes and even among variants of a single subtype (12, 16) . It was therefore interesting to see and has been pointed out before (21) that the glycosylation sites at Asn-12 and Asn-478 (H7 numbering) are common to all HAs and that the site at Asn-28 is found in 10 of the 14 subtypes. These conserved oligosaccharides are located in the HA stem. The data shown here demonstrate that the stem sugars have two functions. Extending previous observations from our laboratory (21), they show that these oligosaccharides are necessary, on the one hand, for folding and export of HA from the ER. This is indicated by the observation that HA lacking all three stem oligosaccharides is not cleaved into HA 1 and HA 2 and that it does not become endo H resistant, i.e., that it does not undergo modifications occurring in the Golgi apparatus and the TGN, respectively. The notion that HA does not enter the TGN under these conditions is also supported by the observation that it cannot be rescued by ammonium chloride. On the other hand, we show here for the first time that the stem oligosaccharides also play an important role in preserving the metastable form of HA required for triggering fusion. This is indicated by the observation that with mutants lacking one or two stem oligosaccharides the conformational change required for fusion occurs at a higher pH than with the wild type. Thus, it appears that, in spite of ammonium chloride protection in the TGN, a substantial part of HA undergoes premature conversion to the low-pH form after arrival at the cell surface, although direct proof for this concept, e.g., by FACS analysis using conformation-specific monoclonal antibodies, has not been obtained yet. These mutants therefore show low fusion activity, although they are transported to the cell surface and expressed there in amounts comparable to that for the wild type.
The concept that stem oligosaccharides are important for folding and transport of HA is supported by several previous studies. By expressing mutants employed in the present study from a different vector, we have shown before that elimination of these oligosaccharides affected the transport rate of the H7 HA and that the presence of at least one of them was necessary to prevent misfolding and aggregation of HA subunits in the ER (21). Hurtley and coworkers (11) observed that nonglycosylated H3 HA synthesized in the presence of tunicamycin was also misfolded and retained in the ER, although folding of the head domain appeared not to be severely affected, suggesting that the main folding defect was in the stem region. Removal of individual oligosaccharides from the H3 HA by site-directed mutagenesis suggested that transport required at least five residual oligosaccharides that could not be assigned to specific positions (7) . Unpublished experiments from our own laboratory showed, however, that H3 HA lacking oligosaccharides at Asn-8, -22, and -38 (H3 numbering) was exposed at the cell surface, although it retained only four oligosaccharides, but that sugar removal from Asn-22, -38, and -438 was not compatible with transport. Since the latter HA lacked all of the conserved stem oligosaccharides, whereas the former retained one, it can be concluded that the stem oligosaccharides are also crucial for folding and transport of the H3 HA. A possible explanation for the correlation between glycosylation and folding is provided by the recent observation that calnexin and calreticulin act as chaperones of HA in the ER. Calnexin and calreticulin are lectins that bind to glucose residues of the oligomannosidic side chains, and their association with HA appears to be regulated by glucose trimming and reglucosylation in the ER (8) (9) (10) . Although it has not been shown yet that these lectins interact selectively with specific side chains of HA, our data suggest that the stem oligosaccharides are involved. In fact, the observations that transport is blocked not only with mutant cg1,2,3 but also, though in a temperature-dependent fashion, with mutant cg1,2 (21) are compatible with the view that the prime lectin targets are the oligosaccharides at Asn-12 and -28. Since these side chains are located at the aminoterminal end of HA, lectin binding to these sites may be important for the formation and maintenance of the loop structure of HA with its amino terminus bending back to the membrane.
The finding that the stem oligosaccharides preserve the metastable form of HA required for fusion is reminiscent of amantadine-resistant influenza virus mutants with an HA that also undergoes conformational change and induces fusion at an elevated pH (2) . However, the molecular basis responsible for the increased lability appears to be different with the glycosylation mutants and the amantadine-resistant mutants. Sequence analysis has shown that most of the latter mutants contain substitutions in the interfaces between different subunits or domains of the HA trimer. They all involve changes in charge and, therefore, influence local trimer stability by the loss of one or more salt bridges or hydrogen bonds (27) . The stem oligosaccharides, in contrast, are located at the outer surface of the spike. It is therefore unlikely that they have a direct effect on the binding forces between HA subunits. It rather appears that stabilization by the stem oligosaccharides results from hydration of the HA surface or from interaction of the oligosaccharides with lectins that act as chaperones. The observations that the pH optima for fusion (Fig. 6 ) and the extent of fusion activity (Fig. 5 ) depend on the number and position of stem oligosaccharides suggest that the oligosaccharide attached to Asn-28 is more important for binding to the putative lectin than the oligosaccharides at Asn-12 and -478. Since preservation of the metastable form of HA by the stem oligosaccharides is an effect that occurs late in intracellular transport when the N-glycans are present already in their complex form, such lectins should be different from those responsible for HA folding in the ER. Recently, evidence has been obtained that epithelial cells contain lectin-like proteins recycling between ER and Golgi (22) and between Golgi and the plasma membrane (5, 6) . VIP36, a lectin of the latter type, has indeed been shown to form a complex with HA in transport vesicles and has been suggested to mediate sorting and delivery of HA to the apical cell surface (4) . Testing the hypothesis that such lectins stabilize HA will be an interesting task for the future.
A large body of information on the effects of HA glycosylation has accumulated within the past years. Glycosylation at antigenic epitopes has been shown to interfere with the access of antibodies (15, 24) and may therefore contribute to the antigenic drift of influenza virus (23) . Sialylation of oligosaccharides near the receptor binding site prevents receptor bind- ing (20) . Oligosaccharides near the cleavage site modulate proteolytic activation and therefore the spread of infection and pathogenicity (3, 17) . The data presented here show that the stem oligosaccharides are necessary for transport and stability of HA. All of these observations taken together support the concept that the individual HA oligosaccharides play distinct and important roles in the biosynthesis and function of this glycoprotein.
